This work reports on the study of surface properties of CaF 2 films (30 and 10 nm thick) grown on (1 1 1) Si by molecular beam epitaxy at substrate temperatures from 400 to 700
Introduction
Calcium fluoride is a promising insulating material for the epitaxy of thin films on silicon substrates due to the similarity of cubic lattice structures (fluorite for CaF 2 and diamond for Si) and small lattice mismatch of only 0.6% at room temperature (a CaF 2 = 5.464 Å and a Si = 5.431 Å) [1] . Using epitaxial techniques, in particular molecular beam epitaxy, high-quality CaF 2 homogeneous thin layers with thicknesses of 2-300 monolayers (1 ML= 3.15 Å) have usually been obtained on (1 1 1) Si substrates [2] [3] [4] [5] [6] , due to the favourable surface free energy of this orientation.
The dielectric properties of CaF 2 characterized by a high relative permittivity (ε = 8.43), a wide forbidden gap (12.1 eV), large band offsets to Si (2.4 eV at the conduction band and 8.6 eV at valence band) and a high field of breakdown (∼10 7 V cm −1 measured on 2-6 nm thick CaF 2 films) [7] make this material very appropriate for metal-insulator-semiconductor (MIS) devices and silicon-oninsulator technology. The electrical properties of ultrathin CaF 2 layers as a gate dielectric in MIS devices have shown encouraging results [8] [9] [10] [11] . Resonant tunnelling diodes (RTD) based on the CaF 2 /Si system, which shows negative differential resistance, are of great interest in the terahertz range. Negative differential resistance has been clearly observed in CoSi 2 /CaF 2 triple-barrier RTD grown on n-type (1 1 1) Si [12] . Another RTD uses the heterostructure composed of CaF 2 /CdF 2 /CaF 2 grown on (1 1 1) Si substrates, with CdF 2 as the quantum well material [13] . Double-barrier CaF 2 /Si/CaF 2 RTD structures, where the single quantum well is formed by a Si layer, have exhibited negative differential resistance at low temperatures [14, 15] .
Additionally, fluorides have been used as buffer layers to grow semiconductor compounds, mainly II-VI and IV-VI, on Si substrates [16] . The fluoride intermediate layers are employed to accommodate the large lattice and thermal expansion mismatches between the compounds and silicon [17] . Stacked BaF 2 /CaF 2 buffer layers have been used to obtain high-quality IV-VI epitaxial layers on silicon, which have enabled the monolithic integration of lead salt detector arrays with silicon read-out circuits [18, 19] . Due to problems with the BaF 2 layer during wet-processing techniques, the lead salt layers are sometimes directly grown on CaF 2 /Si [20, 21] . The fabrication of infrared sensor arrays of PbSnSe grown on Si with only a thin (∼3 nm) CaF 2 buffer layer has been reported [22] .
The large difference in thermal expansion coefficients between the CaF 2 and also lead salts (∼20 × 10 −6 K −1 ) with respect to Si (2.6 × 10 −6 K −1 ) builds a tensile strain during cooling after growth. Normally, this strain is relieved through the gliding of dislocations which ultimately limits the infrared detector performance. The residual strain in CaF 2 /Si structures has been investigated mainly by x-ray diffraction and Rutherford back scattering channelling [23] [24] [25] , and the dislocation dynamics by atomic force microscopy [26] .
In this work, we report on a detailed investigation of the surface properties of CaF 2 thin films on (1 1 1) Si as a function of growth temperature. For this purpose, three series of CaF 2 layers (10 and 30 nm) were grown by molecular beam epitaxy on [1 1 1]-oriented Si substrates at temperatures ranging from 400 to 700
• C. The films were characterized in situ by reflection high-energy electron diffraction (RHEED) analysis and ex situ by atomic force microscopy (AFM) and grazing incidence x-ray reflectivity measurements. The grains' (three-dimensional islands) density on top of the film surface and the arithmetical and root mean square average roughness were determined from the AFM images. Combining the RHEED pattern analysis with AFM images, the influence of substrate temperature on the surface quality of the CaF 2 layers was evaluated. To complete the RHEED and AFM study, grazing incidence x-ray reflectometry was employed to analyse the CaF 2 films. The thickness of the films was determined from the interference fringes in the x-ray reflectivity curves, and the surface roughness was inferred from the damping of the oscillations. A grazing incidence x-ray analysis (GIXA) software was used to fit the measured reflectivity spectra of all samples. From the fitting process, the layer thickness and roughness were accurately obtained. After all, the optimum temperature range to grow high surface quality CaF 2 layers was determined.
MBE growth and RHEED analysis
The CaF 2 films were grown on n-type (1 1 1) Si substrates (1-20 cm) in a Riber 32P molecular beam epitaxial system dedicated to the growth of IV-VI compounds, also equipped with CaF 2 and BaF 2 effusion cells. A Staib Instruments RHEED system composed of a 35 keV electron gun, a remote control box for focusing and positioning of the electron beam, and a fluorescent screen was used to evaluate the growth evolution in situ. A RHEED data acquisition system with a CCD camera positioned in front of the RHEED screen allowed recording the RHEED patterns during growth. The kSA 400 software package was used to analyse the recorded RHEED movies. All RHEED patterns were measured along the [ • C; chemical removal of oxides by dipping the wafers in a buffered fluoride acid, NH 4 F : HF (3 : 1), at room temperature for a few seconds; intentional oxide growth by immersing the wafers for 10 min at 85
• C in a solution of HCl : H 2 O 2 : H 2 O (3 : 1 : 1). After each step, the wafers were rinsed in deionized water and dried in nitrogen flow.
As a next step, the Si chip is mechanically fixed to an indium-free molybdenum sample holder, which is transferred from the load-lock to the preparation chamber, where it is preheated at 200
• C for 10 min to degas. In the main chamber, the substrate is heated in order to thermally remove the intentional oxide. The oxide desorption is monitored in the RHEED screen, as shown in figure 1. Immediately after the intentional oxide desorption (after ∼1 min at 760
• C), the blurry RHEED pattern characteristic of an oxidized surface (figure 1(a)) suddenly changes to a bright one showing clearly the (7 × 7) reconstructed Si surface ( figure 1(b) ).
Just after the thermal removal of the protective oxide, the substrate temperature (T sub ) is reduced to the desired value and the CaF 2 source temperature is adjusted. For this work, three series of samples were produced with the CaF 2 cell temperature always fixed at 1250
• C while T sub was varied from 400 to 700
• C. The growth time was 20 min for series I and II and 7 min for series III. Table 1 summarizes the growth parameters and the sample data for the three series of CaF 2 films grown here.
As the growth starts by opening the CaF 2 cell shutter, the RHEED pattern corresponding to the 7 × 7 reconstructed Table 1 . Data of the CaF 2 layers grown on (1 1 1) Si substrate: CaF 2 cell temperature = 1250
• C, growth time = 20 min for series I and II and 7 min for series III, substrate temperature (T sub ); critical angle for total reflection (ω c ), layer thickness (t), growth rate (GR), layer roughness (R fit ), mean deviation between the calculated and measured logarithmic intensities (χ 2 ) as obtained from the x-ray reflectometry analysis; grain density (GD), arithmetical average roughness (R a ) and root mean square average roughness (R q ) as determined from AFM images. The errors in R a and R q are determined by the standard deviation among three measurements in different regions of the film. (1 1 1) Si surface immediately changes, as can be seen in the RHEED patterns taken after 5 s of growth shown in figures 2 and 3. The RHEED pattern evolution of the CaF 2 film grown at 400
• C is illustrated in figure 2. At this growth temperature, the RHEED pattern just after 20 s of growth already shows some elongated streaks mixed with fixed points and concentric rings. This RHEED pattern becomes clearer after 30 s of growth and is completely established after 10 min, and remains almost the same till the end of the growth (see figure 4) . These RHEED patterns indicate that the CaF 2 film grown at 400
• C have islands (grains) randomly oriented on top of the film surface.
Now for the film grown at 550
• C, the RHEED pattern evolution shows a different behaviour, as shown in figure 3 . At this temperature, the RHEED pattern after 20 s of growth shows practically only elongated streaks, which becomes completely evident after 10 min of growth and persists till the end after 20 min (see figure 4) . The elongated streaks in the RHEED pattern characterizes a flat surface consisted of small steps with heights in the range of some monolayers.
To illustrate the behaviour of the CaF 2 film growth on (1 1 1) Si as a function of substrate temperature, figure 4 shows the RHEED pattern at the end of the growth (after 20 min) for films grown at different temperatures from 400 to 650
• C (series I). One can observe that the ordering of the CaF 2 film surface is worse at 400
• C and improves continuously until 550
• C. At 600
• C it becomes worse again and recovers at 650
• C. To check this behaviour, series II was grown with a smaller substrate temperature step around 600
• C. As can be seen in figure 5 , the RHEED patterns obtained at the end of the growth indicate that the film surface is flat at 550
• C, it becomes rough at 585 and 600
• C, and restores its flatness at 615
• C, demonstrating the same behaviour observed for the samples of series I, with an evident transition in the vicinity of 600
• C. The RHEED analysis indicates that there are two ranges of substrate temperature appropriated to grow the CaF 2 films on (1 1 1) Si, one between 500 and 550
• C and another between 620 and 700
• C. In order to check the RHEED study, the surface of the CaF 2 films was characterized by AFM and the results are presented in the next section. 
Atomic force microscopy
The AFM images were taken ex situ in a Veeco Multimode V Scanning Probe Microscope using a scanning head of 125 µm × 125 µm × 10 µm with a silicon nitride probe model NP20 in the contact mode. After the acquisition, the image is analysed using the applicative software Research NanoScope 7.30. Figure 6 shows the AFM images of the samples of series I grown at different substrate temperatures from 400 to 650
• C, in lateral dimensions of 10 µm × 10 µm with a height full scale of 100 nm expressed in colour bar. The CaF 2 film grown at 400
• C shows a high density (2 × 10 9 cm −2 ) of grains (threedimensional islands) on top of a flat surface, as expected exactly from the corresponding RHEED pattern in figure 4 . The grain density on the film surface diminishes markedly to 2 × 10 7 cm −2 as the substrate temperature increases up to 550
• C, where an almost grain-free flat surface is observed in the AFM image. At the substrate temperature of 600
• C, a rough surface with grains at a density of 6 × 10 8 cm −2 on top of it is again observed in the AFM image, and at 650
• C the film surface flattens again to a grain density of 3 × 10 7 cm −2 . The AFM images of figure 6 corroborate exactly with the behaviour of the RHEED patterns shown in figure 4 . It is important to note that the height of the islands rises with increasing temperature up to 600
• C, reaching a value of 100 nm at this temperature. The grain density of all samples was determined using the following procedure. For the samples with higher grain density (>10 8 cm −2 ), it was determined by counting the number of grains in three different AFM image areas of 2 µm×2 µm. The average value for each sample is displayed in table 1. For the samples with low grain density (<10 8 cm −2 ), it was measured only once in the whole AFM image (10 µm × 10 µm). The height full scale is set to 100 nm during the grain density measurements. Figure 7 shows the AFM images in a higher magnification (2 µm × 2 µm with a height full scale of 10 and 20 nm in the colour bar) of four samples of series II with growth temperatures from 550 to 615
• C. Here one can see again a high density of grains, around 10 9 cm −2 , at the CaF 2 surface for the films grown at 585 and 600
• C, and a flatter surface with a grain density of 10 7 cm −2 for the films grown at substrate temperatures of 550 and 615
• C, in accordance with what would be expected from the RHEED images in figure 5 . The monolayer steps at the CaF 2 surface, which are responsible for the elongated streaks in the RHEED patterns, are clearly visible in these AFM images. It is also possible to observe the pinholes at the film surface, whose density and size increase with rising growth temperature. Cracks in CaF 2 start appearing for substrate temperatures higher than 650
• C. To quantify the flatness of the CaF 2 film surface, the arithmetical average roughness (R a ) and root mean square average roughness (R q ) were determined from the AFM images of the samples of series I and II using the applicative software. The values of R a and R q are displayed in table 1 and are plotted in the graphs of figure 8 for both series. As can be seen in the upper graph of figure 8 , the surface roughness of the films in series I decreases gradually from 10 to 3 nm as the substrate temperature increases from 400 to 550 • C, suddenly rises to 28 nm for T sub = 600 • C, and decreases again to 2 nm for T sub = 650 • C. The same behaviour is observed for the samples of series II, where a small substrate temperature increment was used around 600
• C, as shown in the lower graph of figure 8 .
The lack of surface quality for CaF 2 films around 600
• C has already been reported in the literature (see, for instance, [2] ). Since the initial stage of growth is determinant to the quality of the CaF 2 film surface (see the evolution of the RHEED patterns shown in figures 2 and 3), the behaviour of the CaF 2 film surface roughness as a function of growth temperature, observed in the RHEED and AFM analysis described here, may be related to the temperature transition from terrace to step nucleation during the growth of CaF 2 films on Si vicinal substrates [28] . Another possible explanation can be the transition from a (1 × 1) to a (3 × 1) reconstruction observed for temperatures higher than 500
• C, which involves the dissociation of the CaF 2 molecules to a CaF stoichiometry on the (1 1 1) Si-(7 × 7) reconstructed surface at the beginning of growth [29] .
To complement the RHEED and AFM investigation, grazing incidence x-ray reflectometry was employed to analyse the CaF 2 films, and the results are reported below.
X-ray reflectometry
A high-resolution Philips X'Pert MRD x-ray diffractometer was used for the grazing incidence x-ray reflectivity measurements using Cu Kα radiation. The configuration for the incident beam is composed of an x-ray tube in line focus, a Soller slit with an axial divergence of 2.5
• , a 1/32
• divergence slit, a Ni filter and an attenuator, and for the reflected beam of a parallel beam collimator, a 0.1 mm anti-scatter slit and a flat crystal graphite monochromator. Before starting the measurement, the sample height and the goniometer zero points (2 = ω = 0) were precisely adjusted. The reflectivity spectra were recorded with a ω/2 scan between ω = 0.05
• and ω = 3.0
• . The attenuator is used for angles lower than a pre-defined value to avoid the damage of the detector due to a very intense incident radiation. The attenuator factor is automatically computed allowing a dynamical intensity scale of eight orders of magnitude during measurement. Figure 9 shows the x-ray reflectivity spectra of the CaF 2 films of series I and II. The spectra were normalized and shifted in the vertical axis to allow comparison among them. In the x-ray reflectivity curves, total reflection occurs below the critical angle ω c , and above this value, the intensity decays in a logarithmic scale due to the refraction of the incident beam into the material and interference fringes appear due to the finite thickness of the layer. The critical angle can be calculated by ω c = (2δ) 1/2 , where δ is the real part of the material refractive index at the x-ray wavelength, which is determined mainly by the material density [30] . Considering a density of 3.18 g cm −3 for CaF 2 (δ = 1.005 547 1 × 10 −5 ), the critical angle for CaF 2 is calculated to be ω c = 0.263
• . Furthermore, the critical angle can be experimentally determined at the angle where the maximum intensity of the reflectivity curve drops to half its value [30] . The values of ω c determined for all CaF 2 films are shown in table 1. The mean measured value ω c = 0.265
• ± 0.005 • , obtained for the films of 30 nm (series I and II), is equal to the theoretical one within the experimental error, indicating that the CaF 2 films are very homogeneous. The small deviation observed in the critical angle also indicates that the alignment procedure of the x-ray reflectivity measurement is precise and the instrument angle offset can be neglected. The film thickness of each sample was determined from the interference fringes in the respective reflectivity curve, using the relation t = λ/(2 ω), where λ is the Cu Kα 1 x-ray wavelength (1.5406 Å) and ω is the oscillation angular period. This formula is valid for ω 4ω c [31] . The thickness determined by this method is shown in table 1. For series I and II, the CaF 2 film thickness ranges from 27.8 to 32.6 nm with a mean value of 29.4±1.3 nm, which gives a mean growth rate of 1.47 ± 0.06 nm min The damping of the interference fringes in the x-ray reflectivity curves is related to the roughness of the film surface. For smoother surfaces, the oscillations last until higher angles. The roughness of the CaF 2 surface, inferred from the reflectivity curves of series I (upper graph in figure 9 ), decreases as the growth temperature increases from 400 to 550
• C. It increases for the sample grown at 600
• C and decreases again for T sub = 650 • C. For the samples in series II, the reflectivity spectra shown in the lower graph of figure 9 indicate that the surface roughness is smaller for the samples grown at 500 and 550
• C, becomes higher for substrate temperatures equal to 585 and 600
• C, diminishes again for samples grown at 615 and 650
• C, and turns to increase for the sample grown at 700
• C. Except for this sample at 700
• C, the reflectivity measurements confirm the results obtained from the RHEED and AFM investigation. At 700
• C, cracks and pinholes have already a strong influence on the deterioration of the CaF 2 film surface.
In order to get more accurate information from the reflectivity curves, GIXA software was used to fit the measured spectra of all samples. The main input parameters are the real (δ) and imaginary (β) parts of the material refractive index n = 1 − δ − iβ at the Cu Kα x-ray wavelength, the layer thickness and roughness. The roughness is introduced by a factor, just like the Debye-Waller factor, which is a function of the root mean square deviation of the interface atoms (in Å) from the perfectly smooth situation. The goodness of the fit is evaluated through the mean deviation between the calculated and measured logarithmic intensities (χ 2 ). To illustrate the fitting results, figure 10 shows the calculated reflectivity that best fitted to the measured curve of the CaF 2 films grown on Si at 550 and 600
• C. Good agreement between the simulated and measured spectra is observed in both graphs. The data displayed in the graphs were obtained from the best fit. Values of δ = 100.5 × 10
and β = 3.707 × 10 −7 are used for the refractive index of CaF 2 . The layer roughness (R fit ) and the χ 2 deviation obtained from the fitting for all films are shown in table 1. To within a maximal difference of 3%, the film thickness obtained from the fittings is equal to that determined with the relation t = λ/(2 ω). Although the value of R fit is in some cases one order of magnitude lower than the values of the roughnesses R a and R q obtained from the AFM images, it follows the same behaviour as a function of growth temperature. The reason for this discrepancy is that the AFM tip probes the film surface together with the grains, while in the reflectivity measurement the grains on top of the surface produces a diffuse scattering, which only increases the background. In other words, the x-ray reflectivity curve only sees the CaF 2 film surface underneath the grains. It is possible to observe in table 1 that for the smoother layers with a low grain density (∼10 7 cm −2 ) the values of R fit and R a are similar.
Conclusions
Three series of CaF 2 films were grown on (1 1 1) Si substrates by MBE at temperatures ranging from 400 to 700
• C. The film thickness was 30 nm for series I and II, and 7 nm for series III, as determined from x-ray reflectometry. RHEED analyses indicated that CaF 2 layers with a smooth surface were obtained in two growth temperature ranges: 500-550
• C and 620-700
• C. For the substrate temperature range from 400 to 500
• C and in the vicinity of 600 • C, RHEED patterns indicated that the CaF 2 films presented three-dimensional islands (grains) randomly oriented on top of their surface. AFM investigation corroborated with the RHEED results and confirmed the presence of grains on the film surface. The grain density as a function of growth temperature followed the behaviour expected from the RHEED analysis. The arithmetical average roughness of the CaF 2 Figure 10 . Calculated x-ray reflectivity curve which best fitted to the measured data of CaF 2 /Si(1 1 1) films grown at 550
• C (upper graph) and 600
• C (lower graph). The parameters shown in the graphs are obtained from the best fit, where χ 2 is the mean deviation between the calculated and measured logarithmic intensities.
surface obtained from the AFM images remained below 1 nm for the best quality films. The x-ray reflectivity curves measured for all films showed a critical angle for total reflection very close to the theoretical value for CaF 2 , indicating that the films are very homogeneous. All curves exhibited well-defined interference fringes, whose oscillation damping agreed with the RHEED and AFM investigation. The CaF 2 layer thickness and roughness were accurately determined by a best-fit procedure applied to the measured x-ray reflectivity spectra. By combining RHEED, AFM and x-ray reflectometry results, the temperature range between 525 and 550
• C turned out to be the most suitable to grow CaF 2 layers on (1 1 1) Si. For growth temperatures above 650
• C, pinholes and cracks started to reduce the CaF 2 surface quality.
